This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. We demonstrated the involvement of Bim in PPT-induced apoptosis in human ASTC-a-1 lung adenocarcinoma cells and suggested that enhancing Bim activity might be a potential strategy for treating human cancers.
Involvement of Bim in Photofrin-

Introduction
Photodynamic therapy (PDT), an efficient and promising treatment modality, which has been used and improved over the past two decades, is an oxidative stress that induces apoptosis in many human cancers in vitro and in vivo [1, 2] . The apoptosis is an early response of PDT, both during in vitro tumor cell killing and in vivo situations during tumor ablation [3] [4] [5] . Studies have shown that PDT-induced apoptosis relies on exposure of tumor cells to a photosensitizing drug followed by irradiation with visible light of appropriate wavelength, which activates tumor cell-associated photosensitizer to produce reactive oxygen species (ROS) [6] [7] [8] . Photofrin is a popular photosensitizer in PDT. Studies have shown that tumor cells apoptosis induced by Photofrin-PDT is mainly through mitochondrial damage and caspase-3 activation [8, 9] .
Bcl-2 family proteins play important roles in apoptosis, especially in mitochondrial death pathway. Stimuli such as ultraviolet (UV) radiation cause activation of c-Jun N-terminal kinase (JNK), resulting in phosphorylation and expression of Bcl-2 interacting mediator of cell death (Bim), a BH3-only protein of Bcl-2 family, and the release of phosphorylated Bim from dynein motor complex [10] [11] [12] [13] . The released Bim promotes Bax activation in an indirect manner [14] [15] [16] . The activated Bax localize to the outer mitochondrial membrane (OMM) and form oligomers to cause the release of cytochrome c, second mitochondriaderived activator of caspase/diablo homolog (Smac/DIABLO) and apoptosis inducing factor (AIF) [17, 18] .
Previous studies have shown that some Bcl-2 family proteins, including Bcl-2, Bax, are involved in PDT-induced apoptosis and regulate the mitochondrial permeability transition (MPT) [1] . However, whether Bim is required in PDT-induced cancer cells apoptosis is not clear. In this study, human lung adenocarcinoma ASTC-a-1 cells, exposed to Photofrin photodynamic treatment (PPT), were applied to elucidate the contribution of Bim in PPTinduced apoptosis. The results clearly suggest that Bim translocates to mitochondrial membrane in PPT and that knockdown of endogenous Bim inhibits PPT-induced caspase-3 activity and apoptosis. Our results suggest that Bim might act as a new target of PPT in human cancer.
Material and Methods
Reagents, Plasmids and antibodies
Dulbecco's modified Eagle's medium (DMEM) was purchased from GIBCO (Grand Island, NY). Lipofectamine TM 2000 Reagent was purchased from Invitrogen (Carlsbad, CA). DNA Extraction kits were purchased from Qiagen (Valencia, CA). Hoechst 33258 and Propidium Iodide (PI) were obtained from Sigma (St.Louis, MO, USA). Annexin V (FITC) apoptosis detection kit was obtained from Bender Medsystems (Austria). Ac-DEVD-AFC was purchased from Alexis (Switzerland). Photofrin was got from QLT Phototherapeutics (Vancouver, BC, Canada). The plasmid of GFP-BimL was generated in our previously studies [14, 15] . To construct pEGFP-N1-BimL, BimL was generated by PCR using 5'-ACACGCTAGCTATGGCCAAGCAACCTTCTGA-3' and 5'-ACACGGATCCACATGCCTTCTCCATACCAGAC-3' oligouncleotide primers. The PCR product was cloned into pEGFP-N1 vector following digestion with NheI and BamHI. The oligonucleotide of shRNA-BimL(5'-GCAACCTTCTGATGTAAGTTCTTCAAGAGAGAACTTACAT CAGAAGGTTGCTT-3') was purchased from GenePharma (Shanghai, China) and proven to reduce effectively endogenous BimL protein [15] . The plasmid of DsRed-Mit was kindly presented by Prof. Gotoh [19] . It is a molecular fluorescence probe, can localize at mitochondria in living cells selectively. GFP-Bax was kindly presented by Prof Gilmore [20] . Antibodies of anti-Bim, anti-caspase-3 and anti-actin were purchased from Cell Signaling (Hitchin, UK).
Cell culture and transfection
The human lung adenocarcinoma cell line (ASTC-a-1) was obtained from the Department of Medicine, Jinan University (Guangzhou, China). The cells were cultured in DMEM supplemented with 10% fetal calf serum (FCS), 100 units /ml penicillin and 100μg/ml streptomycin, 5% CO 2 at 37°C in a humidified incubator. Transfection was performed with Lipofectamine TM reagent according to the manufacturer's protocol and the medium was replaced with fresh culture medium after 5 hours. For fluorescence studies, the cells were transferred in 35-mm dish 24-48 hours after transfection. ) and various Photofrin doses (5-20 μg/ml) have been assayed in previous study [9] . Here, to study PPT induced cell apoptosis, the dose (10 J/cm 2 irradiation; 10 μg/ml Photofrin; 20 h incubation) was used. Briefly, ASTC-a-1 cells were incubated with 10 μg/ml Photofrin at 37°C for 20 hours before exposed to red light with an intensity of 10 mW/cm 2 and a total light dose of 10 J/cm 2 . For the control group, cells were incubated in the same medium without Photofrin and without light exposure. For low-power laser irradiation (LPLI) group, cells were incubated in the same medium without Photofrin and with light exposure (10 J/cm 2 ) alone. After irradiation, cells were rinsed with PBS and added culture medium before observed using laser confocal scanning microscopy (LSM) or other treatments.
Time-lapse confocal fluorescence microscopy
A laser confocal scanning microscope (LSM 510/ConfoCor 2) combination system (Zeiss, Jena, Germany) was equipped with a Plan-Neofluar 40×/1.3 NA Oil DIC objective. To observe the activation of Bim, ASTC-a-1 cells were co-transfected with GFP-BimL and DsRed-Mit plasmids before treated with PPT. DsRed-Mit is a mitochondrial molecular fluorescence probe in living cells. For time-lapse imaging, cells culture dishes were mounted onto the microscope stage maintained at 37°C equipped with a temperaturecontrolled chamber (Tempcontrol 37-2 digital, Zeiss, Jena, Germany). Temperature variations of culture liquid were less than 0.2 °C throughout the experimental process. GFP-BimL/Bax fluorescence was excited at 488 nm with an argon ion laser and its fluorescence emission was recorded through a 500-530 nm IR band-pass filter. Images of DsRed-Mit fluorescence from the cells were obtained using a 543 nm excitation light from a He-Ne laser and a 560 nm long-pass filter.
Western blotting assays
Western blot assays were described previously [15, 16] . After various treatments, ASTC-a-1 cells were collected by Trypsin-EDTA Solution and washed three times in ice-cold PBS. Cell pellets lysed with ice-cold lysis buffer (PBS, 0.5% Triton X-100, 0.5mM PMSF and Complete Protease Inhibitor Cocktail from Roche) and treated with sonication (100 W, 5 s/time, intervels10 s, 10 times/sample). After centrifugation, cell lysates (about 30-50 mg protein extract was loaded on each lane) were resolved by 10-15% SDS-PAGE gel (10 × 10 cm 2 ), and then transferred onto a PVDF membrane (Bio-Rad). The resulting membrane was blocked with 10% skim milk in room temperature for 30 minutes, washed three times by TBST (3 × 10 min) before incubated with designated primary antibodies at 4 °C overnight. Bim and caspase-3 primary antibodies were used at 1:1000 dilutions, and Actin antibody was used at 1:2000 dilutions (diluted by TBST). The specific signal was amplified by HRP-conjugated secondary antibodies, developed by ECL Western Blotting Substrate Kit (Graffinbio) and visualized under Bio-Rad Gel Doc XR System.
Fluorescence activated cell sorting (FACS) analysis
The apoptosis of cells were quantified by Annexin V and PI staining method [21] . After various treatments, cells were collected and washed with PBS, pelleted at 5, 000 g for 15 s, and suspended in 1 ml of ice-cold PBS. The cell suspension solution was centrifuged at 1, 000 rpm, 4℃ for 10 min. Suspended cell pellets in 200μl binding buffer, and incubated with 5μl of Annexin V-FITC (10μg/ml) and 10μl PI (10μg/ ml) for 10 minutes at room temperature as recommended by the manufacturer. Then cells were subjected to fluorescenceactivated cell sorting (FACS) analysis using a flow cytometer (FACS. Arla BD, USA) with apoptotic cells being Annexin V-positive/PI-negative.
Fluorometric assay for caspase-3 activity
For the detection of caspase-3 activity, PBS washed cell pellets (derive from either the medium or the adherent cells) were resuspended in extract buffer [25 mM HEPES (pH7.4), 0.1% TritonX-l00, 10% glycerol, 5 mM DTT, 1mM phenylmethylsulfonyl fluoride, 10 mg/ml pepstatin, and 10 mg/ml Leupeptin] and vortexed vigorously. 20μl of extract (corresponding to 10% of the sample) were incubated with the caspase-3 fluorogenic substrates Ac-DEVD-AFC at 100 μM final concentration at room temperature, and caspase-3 activity was measured continuously by monitoring the release of fluorigenic AFC at 37°C. The excitation wavelength of AFC was 400 nm and the emission wavelength was 530 nm using auto microplate reader (Infinite M200, Tecan, Austria). As a parallel study to confirm and compare the caspase-3 detection in our experiments, batch of cells were exposed to UV irradiation [15, 16] , which a well-established protocol to induce apoptosis. For UV irradiation-induced apoptosis, culture medium was removed, and cells were rinsed with PBS and irradiated at fluence of 120 mJ/cm 2 (253.7 nm, 200 μW/cm 2 ), and then medium was restored.
Statistical analysis
All data represent at least three independent experiments and are expressed as the mean ± SEM. Differences between groups were compared using Student's T tests by SPSS software, and significance was accepted at P < 0.05.
Results
Mitochondria translocation of GFP-BimL in response to PPT
To monitor the mitochondria translocation of Bim in response to PPT, ASTC-a-1 cells were co-transfected with GFP-BimL and DsRed-Mit expression plasmids. Laser confocal scanning microscopy (LSM) images showed that BimL had a cytoplasmic distribution before PPT, while BimL translocated to mitochondria gradually and colocalized with mitochondria about 120 min after PPT (Fig. 1A) . In order to demonstrate mitochondrial localization of Bim after PPT more clearly, part region of cell with higher magnification was presented in Fig. 1B . From these magnified images, it is confirmed that BimL reside in cytosol before PPT. Instead, BimL translocated to mitochondria after PPT. 
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Mitochondria translocation of GFP-Bax in response to PPT
Similar above treatment, ASTC-a-1 cells were co-transfected with GFP-Bax and DsRedMit before PPT. The activation of Bax in control cells or PDT-induced apoptotic cells was observed. In control cells, Bax was distributed evenly in both cytoplasm and nucleus ( Fig. 2A) . However, Bax translocated to mitochondria and eventually formed clusters in mitochondria after PPT (Fig. 2B) .
Knockdown of Bim by shRNA-Bim inhibited the activity of caspase-3 after PPT
Western blot assays were performed to test the expression levels of Bim and the effect of Bim activation on the activity of caspase-3 in response to PPT. As shown in Figure 3A , an increased expression level of Bim proteins was seen in the samples treated with PPT at 5 and 10 J/cm 2 light doses (lanes 3 and 4), but not in samples treated with Photofrin alone (Fig. 3A, lane 2) . Statistical analysis further confirmed that PPT increased the levels of Bim (Fig. 3B) . As shown in Figures 3C and 3D , the activated caspase-3 of PPT & shRNA group is less than that of PPT alone group.
To further confirm above observation, AFC (an indicator of caspase-3 activation) release assay was applied. Activated caspase-3 but not pro-caspase-3 does exert proteolytic activation on the Ac-DEVD-AFC substrate [21, 22] . As shown in Fig. 3E , after incubation with Ac-DEVD-AFC for 1 hour, significant increase of caspase-3 activity was observed at 4 hour after PPT (column 5) compared with control. There were no significant increases of caspase-3 activity in Photofrin and LPLI group (column 2 and 3). The cleavage of Ac-DEVD-AFC in response to caspase-3 activation was remarkably inhibited by shRNA-BimL transfection (column 6). These results demonstrated that Bim was involved in the PPTinduced caspase-3 activity, which was consistent with the result by western blot analysis.
Knockdown of Bim by shRNA-Bim reduced PPT-mediated ASTC-a-1 cells apoptosis
The Hoechst 33258, a standard sensitive fluorochrome of DNA, was used to assess changes in nuclear morphology following PPT. As shown in Fig. 4A , the nuclei in control cells exhibited diffused staining of the chromatin. However, the cells in PPT group underwent typical apoptotic changes such as chromatin condensation, margination and shrunken nucleus.
We further determine the effect of Bim on PPT-induced cell apoptosis by flow cytometry. As shown in Fig. 4B , control cells displayed a low background of staining with either Annexin 2 irradiation + shRNABimL). Then cells stained with 5 µl of annexinV-FITC (10 µg/ml) and 10 µl propidium iodide (10 µg/ml) for 10 min before being subjected to flow cytometry apoptosis analysis.
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry treatment [14] . Studies indicate that Bim is phosphorylated by multiple kinases such as extracellular-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and protein kinase B (Akt), and their phosphorylation modifications affect the expression level or the pro-apoptotic function of Bim [23] [24] [25] . As an upstream factor of Bax, Bim is activated and dissociated from dynein motor complex to promote Bax activation on the outer mitochondrial membrane in an indirect manner [15] , which further mediate mitochondrial apoptotic pathway. Transcription of Bim is regulated by FOXO3a, CHOP-C/EBPα or c-Jun in various cell lines [16, 23] . Western blot assay has shown that PPT-induced in higher level expression of Bim protein in ASTC-a-1 cells and that knockdown of endogenous Bim by shRNA-BimL resulted in decreased levels of activated caspase-3 and the reduced apoptotic rate. Both Bim protein expression levels and phosphorylated levels play important roles in the apoptotic pathway, suggesting that the upstream factors, such as FOXO and JNK, might be involved in the role of PPT. Proper control of Bim transcriptional and posttranslational levels provides selective therapeutic effects for some tumors. The mitochondrial localization of Photofrin is essential for mitochondrial permeability transition (MPT) regulation and mitochondrial damage. ROS production is likely the origin of PPT-induced mitochondrial apoptotic pathway in ASTC-a-1 cells. The light irradiation triggers Photofrin photosensitization in mitochondria, affecting the activation of Bim, which promotes Bax activation and leads to caspase-3 mediated apoptotic pathway. Study showed that the level of nitrosylhemoglobin, a stable complex of NO, increased in the course of PDT [26] , suggesting that NO is a potential mediator in the ROS-induced cell death process. Imbalance of Ca 2+ homeostasis might also correlate with the effects of PDT [27] . Moreover, protoporphyrin IX (PpIX) has been reported to inhibit tumor cell proliferation by induction of DNA damage and cell cycle arrest [28] .
Recently, some promising strategies were developed to get the high efficient of PDT. To enhance localization of Photofrin to tumors, the tumor-localizing graft copolymer poly (ethylene glycol)-grafted poly (l-lysine) have been developed, which interact with Photofrin through ionic and hydrophobic interactions [29] . Electric field-assisted delivery of photofrin, electroporation, to the breast adenocarcinoma cells (MCF-7) and normal Chinese hamster ovary cells (CHO) has been found to enhance cellular uptake of Photofrin, which reduces effective dose and exposure time diminishing side effects of the therapy [30] . The efficacy of PDT is also affected by combining with some other drugs, such as Celecoxib, Dihydroartemisinin (DHA), and microRNAs (miRs), which regulate either the signaling pathway or gene expression in some cancer cell lines [31] [32] [33] . For example, overexpression of miR-130a could theoretically lead to more efficient PDT in resistant cell lines affecting adaptation to ROS stress, such as decreasing the expression of Sirtuin protein family, which regulates FOXO3a/Bim pathway and participates in a lot of neurodegenerative disorders [33] [34] [35] . An upconversion nanoparticle-Zinc phthalocyanine based nanophotosensitizer for PDT has been proven to result in the high 1 O 2 production, leading to a secure and efficient PDT treatment [36] .
To establish an efficient model for this therapy, more efforts are needed. Although we have identified Bim involvement on PPT-induced caspase-3 activty and apoptosis, further experimentation will be needed to determine the molecular mechanism of Bim in PDT. Different photosensitizers may act along different routes and exert different effects on the cells [4] .
In summary, we have identified for the first time that Bim is involved in PPT-induced apoptosis. The result suggests that Bim act as a potential target protein for PDT in human cancer therapy.
